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INTRODUCTION
The incidence of diastolic dysfunction is age-related, and
the incidence of diastolic heart failure increases with age (1,
2). The normal aging process itself is known to depress car-
diac performance during diastole which happens earlier than
events in systole. One of the pathology of diastolic dysfunc-
tion with age is increase in myocardial stiffness resulting from
changes in ventricular passive diastolic properties (3, 4). 
Fibrillar collagen is a component of the extracellular matrix
(ECM), which is postulated to be a determinant of myocar-
dial stiffness. Furthermore, some have suggested that colla-
gen cross-linkings, rather than total collagen or types of col-
lagen, are even more important at determining chamber stiff-
ness in the heart (5, 6). Collagen cross-linking may occur via
two different pathways. One involves an enzymatically con-
trolled cross-linking which occurs during development and
physiologic maturation, and the other is a non-enzymatic form
of cross-linking that occurs as a result of the spontaneous mod-
ification of proteins by glucose to form advanced glycation end
products (AGEs) (7). This latter process follows tissue mat-
uration and is the major cause of collagen tissue dysfunction
during senescence (8). Other studies have shown that AGEs
cross-link breakers improve cardiac diastolic function in aged
animals and humans (6, 9).
Existing cross-sectional studies and limited training trials
support the hypothesis that exercise may improve diastolic
function (10, 11). It is uncertain whether the decline in dias-
tolic function that occurs during aging is a feature of physi-
ologic process or a pathologic state attributable of a seden-
tary life style in the aged population, and thus one reversible
by exercise training. Moreover, the influences of long term ex-
ercise training on the AGEs cross-linked collagen and cardiac
performance have not been tested.
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Long-Term Exercise Training Attenuates Age-Related Diastolic
Dysfunction: Association of Myocardial Collagen Cross-Linking 
The incidence of diastolic heart failure increases dramatically with age. We investi-
gated the impact of long-term exercise training on age-related diastolic dysfunction.
Old (25-month-old) male Fischer 344 rats were studied after 12 weeks of treadmill
exercise training or sedentary cage life (N=7, in each group). We determined car-
diac performance using a pressure-volume conductance catheter and magnetic
resonance imaging. Collagen volume fraction (CVF) and myocardial collagen sol-
ubility by pepsin as an index of advanced glycation end products (AGEs) cross-
linked collagen were measured. The maximal slope of systolic pressure increment
(+dP/dt) and the slope of end-systolic pressure-volume relation were higher, and
end diastolic volume (EDV),  EDV (the percentage of the EDV increment-to-base-
line EDV) and the slope of end-diastolic pressure-volume relation were lower in
training group. The maximal slope of diastolic pressure decrement (-dP/dt) and time
constant of LV pressure decay (τ ) had no difference. AGEs cross-linked collagen,
not CVF was reduced by exercise training. Long-term exercise training appears to
attenuate age-related deterioration in cardiac systolic function and myocardial stiff-
ness and could be reduce in pathologic AGEs cross-linked collagen in myocardium.
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Accepted : 23 May 2008Thus this study was designed to test whether exercise pre-
vents the age-associated changes in non-enzymatic cross-link-
ing of myocardial collagen, and thus improves cardiac perfor-
mance in an animal model.
MATERIALS AND METHODS
Animals
Young and old male Fischer 344 pathogen-free rats (Sam-
tako Bio, Osan, Korea) were housed in a climate-controlled
room (25℃, 12-hr light-dark cycle) and allowed standard
food and water ad libitum. Old rats were weight-matched
and randomly assigned to a sedentary control (OC) or an exer-
cise-training group (OT). Young rats (YC) were assigned to
a control group only to determine aging effects. The num-
ber of rats in each group was at least 7. After either 12 weeks
of exercise or alternatively confinement in a cage, rats (young:
6 months and old: 25 months of age) were studied. The 6-
month-old rats are mature animals which had passed the rapid
growth phase and 25-month-old rats represent old animals
with relatively little mortality (12). 
Plasma glucose levels were assessed at baseline using the
glucose oxidase technique (YSI 2300 stat plus glucose/L-lac-
tate analyzer; YSI, Yellow Springs, OH, U.S.A.). This inves-
tigation conducted in accord with the guidelines issued by
the Seoul National University Hospital Institutional Ani-
mal Care and Use Committee.
Exercise training protocol
Before training, all rats were familiarized with a treadmill
(1004RVI Exer-4R Open Treadmill; Columbus Instruments,
Columbus, OH, U.S.A.) by walking or running for 10 min/
day for 10-15 days. Animals in OT commenced training at
4 m/min, for 20-30 min, 5 days/week. Rates and times were
progressively increased throughout the 12-week training pro-
gram. Rates at termination were 15 m/min for 45-60 min/
day, 5 days/week. This speed-grade combination has been
shown to be slightly less than 70-75% of maximal oxygen
consumption (VO2max) (11, 13). The YC and OC rats walked
or ran on the treadmill for 10 min once a week to maintain
familiarity with the treadmill for subsequent maximal exer-
cise capacity testing. At the end of the 12-week period, maxi-
mal exercise capacities were measured twice in each rat, using
a test involving walking at 10 m/min for 5 min followed by
2 m/min increases in speed every 2 min until the animal was
exhausted (9).
Cardiac magnetic resonance imaging 
Cardiac magnetic resonance imaging (MRI) was performed
at baseline and 2 days after measuring maximal exercise capac-
ity. Rats were anesthetized with pentobarbital sodium (Ento-
bar; Hanlim; young rats 50 mg/kg, old rats 42.5 mg/kg) ad-
ministered intraperitoneally (i.p.).
MR imaging techniques
Rats were imaged with a 1.5-T clinical imaging unit (Gy-
roscan Intera, release 10; Philips Medical Systems, Best, Ne-
therlands) equipped with a custom surface coil (4.7 cm in
diameter). A prospectively electrocardiogram (ECG)-gated
steady-state free-precession cine sequence (balanced fast field-
echo 10/4.1 [repetition time msec/echo time msec], flip angle
of 35°, matrix of 179×256, field of view of 80×80 mm,
number of excitation:1) was applied in a true short-axis image
orientation to encompass the entire heart with contiguous 2
mm sections. With ECG referencing, the temporal resolu-
tion was 10 time frames per cardiac cycle per study. A shim-
ming procedure was performed for imaging areas to avoid
magnetic field inhomogeneity. Most MR images were suit-
able for analysis.
MR Image analysis
MR images were analyzed by two independent readers,
blinded to subjects and their results, using commercially avail-
able software on an off-line workstation (View Forum, release
3.2, Cardiac Package; Philips Medical Systems). The cine
loops were viewed and end-diastolic and end-systolic frames
were chosen as the images with the largest and smallest left
ventricle (LV) cavities, respectively. Endocardial contours,
including papillary muscles leading into the LV cavity, were
traced using a semiautomated border technique. LV volumes
were calculated consecutively from MR imaging data sets
with software assistance.
Hemodynamic measurements
Hemodynamic parameters were measured as previously
described (14). Two days after MRI measurements, rats were
anesthetized with pentobarbital sodium (young rats 50 mg/kg,
old rats 42.5 mg/kg, i.p.) without endotracheal intubation
while breathing room air. MPVS-300 Cardiovascular Micro-
Tip multi-segment pressure-volume (P-V) transducer catheter
(Millar Instruments, Huston, TX, U.S.A.) was inserted into
the right carotid artery and advanced into the LV under pres-
sure monitoring. Catheter was inserted into the right femoral
artery for mean arterial pressure (MAP) measurement and into
the right femoral vein for fluid administration. Heart rate
(HR), maximal LV systolic pressure (LVSP), LV end-diastolic
pressure (LVEDP), MAP, maximal slope of systolic pressure
increment (+dP/dt) and diastolic pressure decrement (-dP/
dt), time constant of LV pressure decay (tau, τ ), ejection frac-
tion (EF), stroke volume (SV), LV end-diastolic volume (EDV),
cardiac output (CO), and stroke work (SW) were computed
using a cardiac P-V analysis program (PVAN3.3; Millar In-
struments). Isovolumic relaxation was quantified by calculat-
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ing -dP/dt and τ . Tau (τ ) describes the rate of fall of LV pres-
sure during isovolumic relaxation. The area contained with-
in the left ventricular pressure-volume loop is the SW. SV
and CO were calculated and corrected according to in vitro
and in vivo volume calibrations using PVAN3.3. CO and
SW were normalized to body weight (cardiac index [CI] and
SW index [SWI]).
LV pressure-volume relations were assessed by transiently
compressing the inferior vena cava. The slope of end-systolic
and end-diastolic pressure-volume relation (ESPVR and ED-
PVR) and +dP/dt-EDV relation were calculated using PVAN
3.3. ESPVR and +dP/dt-EDV represents a parameter of cham-
ber contractility. EDPVR slope is an index of LV chamber
stiffness. The volume calibration of the conductance system
was performed. At the end of each experiment, 50 μ L of 15%
saline was injected intravenously, and from shifts in P-V rela-
tions parallel conductance volume (Vp) was calculated using
PVAN 3.3 and used to correct cardiac mass volume.
Tissue removal
After the hemodynamic measurements, animals were sac-
rificed by exsanguinations (aortas were punctured to obtain
blood samples). Hearts and lungs were removed, and left and
right ventricles were dissected and weighed. Hearts were snap-
frozen in liquid nitrogen and stored at -80℃for hydroxypro-
line assay or were fixed in 10% formalin and paraffin-embed-
ded for histological assessment.
Measurement of collagen content
Interstitial collagen in LV mid-free wall was measured using
Picrosirius red staining with a computerizing automated image
analysis system (Image-pro plus, Silver Spring, MD, U.S.A.)
(5). Collagen volume fraction (CVF) was defined as the sum
of all stained interstitial collagen tissue areas divided by the
whole tissue area. Collagen surrounding intramyocardial
coronary arteries was excluded.
Hydroxyproline (a marker of collagen content) concentra-
tions were determined using the colorimetric assay described
by Woessner (15). Collagen concentrations were calculated
by assuming that collagen weighs 7.25 times more that of
hydroxyproline (collagen has a molecular weight of 300,000).
Limited pepsin digestion of collagen
Unmodified heart collagen was significantly solubilized
by pepsin after 2 hr and greater than 98% of heart collagen
was solubilized after 24 hr. The susceptibility of collagen to
digestion by pepsin provides an index of AGEs cross-linked
collagen (16, 17). Aliquots of LV were excised and mixed with
3 mL of 200 μ g/mL pepsin in 0.5 M/L acetic acid at 37℃.
After 2 and 24 hr of digestion, 1 mL of the supernatant was
removed and hydroxyproline concentrations were measured
as described above.
Statistical analysis
The results presented reflect means±SE per group. Inter-
observer agreement of the MRI results was determined by
the Pearson correlation coefficient. An unpaired two-sided
Student’s t-test was used to compare old vs. young rats, and
old controls vs. old trained groups. p values <0.05 were con-
sidered statistically significant, and SPSS Ver 12.0 software
was used throughout (SPSS Inc., Chicago, IL, U.S.A.).
RESULTS
Animal characteristics and heart weights
At baseline, there were no significant differences in body
weight (OC 409±8 g, OT 410±9 g; p=0.877) and plasma
glucose levels (OC 150±10 mg/dL, OT 157±12 mg/dL;
p=0.564) in old rats. At the end of the 12-week period, LV
weight and the ratio of LV to body weight were significantly
higher in OC rats compared with YC rats without notable
differences in body weight (aging effect). In addition, wet lung
Values are mean±SE.
BW, body weight; LV, left ventricle; RV, right ventricle; CVF, collagen volume fraction.
YC OC OT
N=7 N=7 N=7
p value
YC vs. OC OC vs. OT
BW (g) 377±3 372±9 352±4 0.598 0.034
LV (mg) 696±10 837±35 805±20 0.006 0.398
RV (mg) 156±4 165±9 162±13 0.322 0.857
LV/BW (mg/g) 1.85±0.03 2.26±0.11 2.29±0.06 0.008 0.803
RV/BW (mg/g) 0.32±0.06 0.45±0.02 0.46±0.04 0.091 0.768
Lung/BW (mg/g) 2.75±0.39 4.81±0.20 4.48±0.41 0.001 0.577
CVF (%) 1.21±0.67 3.96±0.43 2.98±0.18 0.007 0.14
Table 1. Effects of age and exercise on heart, lung, and body weights, and on collagen volume fraction (CVF) in young control (YC), old
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weights to body weight, an index of pulmonary congestion
followed a similar pattern, indicating marked pulmonary con-
gestion in old rats secondary to cardiac decompensation. Exer-
cise-training significantly reduced body weight in OT rats.
LV weight and the ratio of LV weight to body weight (an index
of LV hypertrophy) were not different between OC and OT
groups after 12 week of exercise training. Exercise training
had no effect on LV weight, the ratio of LV to body weight,
or the ratio of lung to body weight in old rats (Table 1).
Exercise capacity
Maximal exercise capacity was measured twice with high
reproducibility (r=0.823 [p<0.001], and r2=0.677 by Pear-
son’s rank-order correlation analysis). Twelve weeks of exer-
cise training significantly increased maximal exercise capac-
ity, defined as time to exhaustion using a standardized tread-
mill running protocol, as was expected (7.7±1.0 min in OC,
20.8±1.7 min in OT; p<0.001). Exercise training generat-
ed the OT rats with a maximal exercise capacity matched that
of the YC rats (17.2±1.6 min in YC, 20.8±1.7 min in OT;
p>0.05).
Cardiac function and remodeling
Typical P-V loops obtained from young and old animals
shows in Fig. 1. The shift of P-V loops to the right and dec-
reased +dP/dtin aging rats indicated a decrease in cardiac con-
tractility. Aging was associated with significant decrease in
HR, MAP, LVSP, +dP/dt, -dP/dt. In contrast, LVEDP, EDV,
ESV, τ(a classic parameter of active relaxation), and EDPVR
slope (a parameter of LV chamber stiffness) significantly in-
creased in aging, indicating diastolic dysfunction (Table 2).
In old rats, +dP/dtwas significantly decreased but EF, SV, CI,
and SWI were not different from the parameters of young rats,
which resembles findings in diastolic heart failure in men.
During preload manipulation, ESPVR slope was steeper in
young than in old rats, suggesting decreased systolic perfor-
mance with aging. In contrast, EDPVR slope was increased
Fig. 1. Representative pressure-volume (P-V) loops obtained with
the Millar P-V conductance catheter system from young and old
rats.
P
r
e
s
s
u
r
e
 
(
m
m
H
g
)
200.00
180.00
160.00
140.00
120.00
100.00
80.00
60.00
40.00
20.00
0.00
70.00 103.00 136.00 169.00 202.00 235.00
Volume (μ L)
Young control
Old control
Values are mean±SE. HR, heart rate; MAP, mean arterial pressure; LVSP, left ventricular (LV) systolic pressure; LVEDP, LV end-diastolic pressure; CI, car-
diac index; EF, ejection fraction; SWI, stroke work index; +dP/dt and -dP/dt, maximal slope of the systolic pressure increment and diastolic pressure decre-
ment, respectively; τ , time constant of LV pressure decay; SV, stroke volume; LVEDV, LV end-diastolic volume; LVESV, LV end-systolic volume; EDPVR,
end-diastolic pressure-volume relation; ESPVR, end-systolic pressure-volume relation.
YC OC OT
N=7 N=7 N=7
p value
YC vs. OC OC vs. OT
HR (beats/min) 453.1±14.1 330.0±13.5 365.7±6.7 <0.001 0.016
MAP (mmHg) 120.9±5.4 82.3±6.6 100.2±7.2 0.001 0.107
LVSP (mmHg) 126.8±5.6 98.5±9.5 108.1±7.7 0.024 0.455
LVEDP (mmHg) 5.3±0.4 13.2±3.1 11.8±2.2 0.042 0.711
CI (mL/min/100 g) 18.6±0.8 20.5±3.2 26.1±2.3 0.568 0.173
EF (%) 67.2±3.0 62.4±5.2 72.3±1.2 0.448 0.113
SWI (mmHg mL/100 g) 4.6±0.5 4.3±0.5 6.7±0.8 0.720 0.060
+dP/dt (mmHg/sec) 13,609±1,334 6,520±682 9,275±747 0.001 0.027
-dP/dt (mmHg/sec) 9,922±436 4,899±709 6,892±654 <0.001 0.070
τ (Weiss) (ms) 8.2±0.3 17.3±2.6 12.2±0.61 0.014 0.107
τ (Glantz) (ms) 12.8±0.6 18.6±2.53 16.3±1.0 0.048 0.319
SV (μ L) 156.7±8.9 229.5±31.7 232.3±13.1 0.063 0.924
LVESV (μ L) 89.8±6.7 158.6±16.3 152.0±12.7 0.002 0.756
LVEDV (μ L) 203.4±10.6 367.5±21.1 290.2±12.0 <0.001 0.003
ESPVR slope (mmHg/μ L) 3.0±0.2 1.6±0.2 2.4±0.4 0.001 0.046
EDPVR slope (mmHg/μ L) 0.035±0.007 0.073±0.015 0.033±0.010 0.044 0.041
Table 2. Hemodynamic parameters in young control (YC), old control (OC), and old exercise-trained rats (OT) measured using the
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(with a higher EDPVR slope) in aging rats, indicating incr-
eased end-diastolic stiffness. ESPVR slope and +dP/dt were
significantly increased in OT vs. OC rats. Fig. 2 shows that
the slope of +dP/dt-EDV relation and SW and EDV were
steeper in OT vs. OC rats, indicating increased contractility
in OT rats. ESPVR was a load insensitive index of contrac-
tility but also by changes in chamber geometry and other
diastolic factors. +dP/dt is a classic parameter that is sensitive
to changes in contractility but dependent on changes in preload.
+dP/dt-EDV represents a sensitive but less load-dependent
parameter of chamber contractility. Preload recruitable SW
(PRSW), the slope of the relation between SW and EDV, is
sensitive to chamber contractile function, which is indepen-
dent of chamber size and mass.
Exercise was also associated with significant decreases in
EDV and EDPVR slope. Tau (τ ) and -dP/dt were not differ-
ent between OC and OT rats (Table 2). The long-term exer-
cise training prominently improved myocardial contractili-
ty and stiffness.
Values are means±SE.
EDV, end-diastolic volume;  EDV, difference in EDV measured by MRI
at 12 weeks versus baseline;  ESV, difference in ESV measured by MRI
at 12 weeks versus baseline;  EDV (%)=([EDV at 12 weeks]-[EDV at
baseline])×100/(EDV at baseline).
OC OT
p value
N=7 N=7
+ EDV (μ L) 128.8±32.4 49.7±20.7 0.067
+ ESV (μ L) 32.0±11.0 19.3±9.0 0.443
+ EDV (%) 50.5±12.7 20.2±7.6 0.060
Table 3. Changes of EDV and ESV measured by MRI in old con-
trol (OC), and old exercise-trained rats (OT)
Fig. 2. Relationship between +dP/dt and EDV for young (YC) and old controls (OC), and old trained rats (OT). Note that for the relationship,
slope values are higher in OT than OC rats, suggesting that systolic performance is in increased in OT rats.
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At the baseline ESV and EDV measured by MRI were not
different among OC and OT rats. After 12 weeks of exercise
training, ESV and EDV increased in old rats, but, post-ESV
and EDV had no difference in OC and OT groups. However,
EDV (%), the percentage of the EDV increment-to-base-
line EDV in each rats was 50.5±12.7% in OC rats and 20.2
±7.6% in OT rats (p=0.060) (Table 3). Interobserver mea-
surement of MR volumes were closely correlated (R, 0.96,
95% CI, 0.55 to 1.00, p<0.05).
Myocardial collagen
Total myocardial collagen amount (% dry weight) and CVF
were significantly higher in OC vs. YC rats (percent colla-
gen: 6.67±0.91% vs. 2.08±0.79%, respectively; p=0.013).
Exercise training did not influence total myocardial collagen
amount of LV in the old rats (OC 6.67±0.91%, OT 6.61
±0.61%; p=0.962) (Fig. 3). Myocardial collagen solubility
as an index of AGEs cross-linked collagen was significantly
lower in old rats (YC 43.57±1.13%, OC 38.11±1.27%;
p=0.006), but significantly increased in OT rats (OC 38.11
±1.27%, OT 43.94±2.11%; p=0.032) (Fig. 4).
DISCUSSION
The cause and pathology diastolic dysfunction with age is
largely unknown, but it is most likely that age-related dec-
rease in the rate of LV relaxation results from changes in the
passive diastolic stiffness of LV (3, 4).
We investigated the impact of long-term exercise training
on age-related diastolic dysfunction. In this study, exercise
attenuated the age-associated diastolic deterioration in myocar-
dial stiffness and was related to changes in the biochemical
characteristics of collagen in myocardium. AGEs cross-linked
collagen in LV was lower in old rats in exercise-training group
than in control group. 
The normal aging process in human and other long-lived
species is characterized by the gradual decrease in the elasticity
of the cardiovascular system. These structural and mechani-
cal changes in the heart lead to increased myocardial stiffness,
and consequently to diastolic dysfunction, a significant con-
tributing factor in heart failure in human. In vivo, chamber
stiffness can be quantified by examining the relationship be-
tween diastolic pressure and volume (18), and EDPVR fun-
damentally characterizes intrinsic passive diastolic ventricu-
lar properties (19).
Our data demonstrated reduced diastolic performance
accompanied by delayed relaxation and increased stiffness in
aging rats. However, EF, CI, SV, SW, and SWI in OC rats
were not different from those of YC rats, even though
+dP/dt and ESPVR which are more sensitive indexes of car-
diac contractility were significantly decreased. Therefore, the
findings of the present study are similar to those of isolated
diastolic dysfunction with normal LV systolic function in hu-
man as evaluated using conventional parameters by nonin-
vasive study. In the present study, long-term exercise train-
ing improved myocardial stiffness. LV dilation and hypertro-
phy were the most common forms of LV remodeling which
were found to occur with increasing age. Exercise reversed
structural remodeling of LV in old rats, as evidenced by atten-
uation of LV EDV increment that had occurred in aging rat.
Diastolic dysfunction is composed of an active and a pas-
sive component. Isovolumic relaxation as a part of active com-
ponent can be quantified by calculating -dP/dtand τ(19). Tau
is influenced by loading condition and is not straightforward-
ly associated with elevated left atrial pressure and heart fail-
ure (19). Even though the abnormality of active relaxation is
an early sign of diastolic dysfunction in cardiovascular diseases,
it is far more common in the elderly (20). Therefore, tau may
Fig. 3. Percent collagen in LV from young (YC) and old controls
(OC), and from old trained rats (OT).
*p=0.013 YC vs. OC.
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not be significantly improved by training with aging effect
itself. But, several authors reported that exercise training in
older people and in old animals reverses the reductions in early
to late filling phases (21). It is possible that an exercise-induced
decrease in myocardial end-diastolic stiffness follows changes
in enhanced myocardial relaxation possibly as a result that tr-
aining reverses the age-associated decline in myocardial cal-
cium uptake (22). Our data showed regular exercise training
attenuated myocardial stiffness, not relaxation in old rats. Exer-
cise was associated with borderline-significant increase in -dP/
dt (p=0.07) in old rats. Passive stiffness is not precisely sepa-
rated from active relaxation. So, these changes may reflect LV
stiffness.
Diastolic dysfunction integrates abnormalities emanating
from sarcomere, extracellular coupling apparatus, myocardial
matrix, and cardiac structure and coupling with the vascular
system: at the level of the myofilament, modifications of pro-
teins within the contractile thick and thin filaments, myosin-
binding protein C, and the linkage protein titin; at the my-
ocyte level, calcium signaling and interaction with myofila-
ments; at the level of integration, coupling with an ECM and
forms bundles among muscle fibers; post-translational cross-
linked collagen (including generation of AGEs cross-links)
from protein/glucose interaction (23).
Many studies have suggested the importance of myocar-
dial fibrosis to diastolic dysfunction. Connective tissue accu-
mulations are considered a contributor to tissue stiffness. Re-
duced chamber diastolic stiffness is reported with modifica-
tions of collagen (20, 23). Collagen cross-linking as well as
collagen type I and total collagen content was found to change
in parallel with myocardial stiffness (20). AGEs are common-
ly found in long-lived proteins in the diabetic and aged pop-
ulations. Compared with non-diabetic individuals, patients
with diabetes manifest premature development of arterial stiff-
ness and diminished LV compliance, which are associated with
increase AGEs cross-linked collagen (24).
Collagen becomes increasingly insoluble and resistant to
enzymatic and chemical digestion with aging, and this pro-
cess is accelerated by diabetes and closely correlated with no-
nenzymatic glycosylation (16). Although accumulations of
AGEs are usually associated with prolonged exposure to hyper-
glycemic conditions, such as, diabetes or aging, other stud-
ies have observed AGEs change stimulated by altered hemo-
dynamic loading in euglycemic conditions (25). The locations
of glycation cross-links are unknown, but almost certainly in-
volve interfibrillar cross-links to explain the increases in mec-
hanical strength, temperature stability and insolubility (7).
In present study, myocardial collagen solubility decreased
in old rats versus young rats, which is consistent with increased
collagen cross-liking. They may be associated with increased
stiffness observed in old rats. This age related decrease in sol-
ubility by pepsin was reversed by exercise training. These
results reflect changes in the biochemical characteristics of
collagen with aging, which was prevented by exercise train-
ing in old rats. Exercise training could potentially alter col-
lagen characteristics even if total collagen concentrations remain
unchanged, which concurs with previous results (13). It was
suggested that exercise may change pressure, volume, and the
neurohormonal state in the myocardium, which may involve
changes in the rate of collagen biosynthesis (13, 26), collagen
turnover, collagen cross-linking and cardiac remodeling. AGEs
are chemically stable, and form irreversible cross-links, which
accumulate and remain on the protein until it is degraded
(7). Therefore, the prevention of excessive glycation is an im-
portant issue.
The relative proportion of two major collagen types I/III are
also associated to LV end-diastolic stiffness. But, many stud-
ies demonstrate that myocardial collagen concentrations re-
main unchanged following exercise programs and that exer-
cise training are unable to alter myocardial collage type I/III
(13, 27). There are some studies that exercise training may
be associated with alterations in collagen metabolism. Thomas
et al. (13) reported that percent collagen in rat LV was unaf-
fected by exercise training but, exercise training modulated
the effects of aging on collagen gene mRNAs of LV free wall
in rats. Training attenuated the decline in LV free wall mRNAs
and the increase in ECM collagen cross-linking without affect-
ing the overall increase in collagen concentration. However,
there may be positive or negative relationships between vari-
ations in gene expression and cross-linking according to patho-
physiologic conditions.
Further research should concentrate on elucidating the mo-
lecular effects and mechanisms involved, and that ultimate-
ly, therapeutics developed to inhibit these deleterious changes.
The mechanism responsible for decreasing AGEs cross-link-
ing within collagen in OT rats may be the result of altered
AGEs collagen formation and/or collagen degradation. Chela-
tors, sulfhydryl compounds, and antioxidants have also been
suggested to act as inhibitors of AGEs-formation by uncou-
pling glycation from subsequent glycation and cross-linking
reactions (16, 28). Thus, it may be suggested that exercise
induced anti-oxidative effects could inhibit AGEs-formation.
Unfortunately, the detection of individual AGEs is difficult
(29). In the present study, AGE cross-linking within collagen
was determined indirectly by measuring pepsin digestibility.
In this experiment, we did not perform afterload manipu-
lation. Therefore, we can not clearly differentiate the compo-
nent of passive stiffness from the effect of relaxation. Carotid
approach provides a merit to evaluate the heart function in
physiologic status but have a limitation to manipulate after-
load.
In conclusion, long-term exercise training appears to atten-
uate age-related deteriorations in cardiac contractility and my-
ocardial stiffness and was also related to decreases in myocar-
dial pathologic collagen cross-linking (AGEs cross-linked col-
lagen) in old rats.Exercise and Age in Diastolic Dysfunction 39
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